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Variable-Field 
Hall Technique: 
A New Character i za t ion  Tool fo r  
HFETIMODFET Device Wafers  
Hans Brugger and Holger Koser 
A selective determination of the carrier density and mobility of a two-dimensional electron or 
hole gas in HFET or MODFET samples can be performed by measuring the magnetic-field- 
dependent resistivity and Hall coefficient over a field range of 1 Tesla. This is achieved even 
in the presence of dominating highly doped caplsupply layers or leaky bufferslsubstrates. 
The method works over a wide temperature range between 4K and 300K combined with 
an outstanding resolution. The measurement and the analysis of data are performed using 
a powerful numerical algorithm running on a standard PC under MS Windows. 
I n t roduct ion  
Modulation-doped heterostruc- 
ture field effect transistors 
(HFET, MODFET, HEMT, 
TEGFET,  etc.) on lattice 
matched and pseudomorphic 
GaAs and InP materials, and 
recently also in the SiGe/Si 
heterosystem are becoming 
more and more important as 
analog and digital devices for 
high frequency, low-noise and 
power applications. By far the 
most important features to be 
known and to be optimized are 
the carrier density (Ns) and 
mobility (la) of the two-dimen- 
sional electron gas (2DEG) or 
hole gas (2DHG) in the quan- 
tum well region (QW). These 
transport properties directly 
influence the performance of 
devices and circuits (ICs) made 
from these epitaxial materials. 
As these devices normally oper- 
ate at room temperature trans- 
port properties at 300K are of 
major interest. 
In addition to the HFET's 
highly mobile 2DEG (2DHG), 
one or more selectively doped 
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supply layers and a highly 
doped cap layer for low ohmic 
contacts are normally used for 
device fabrication. These layers 
may cause parallel conduction 
next to the QW region. This 
complicates magneto-conduc- 
tance measurements. Further- 
more ,  un in tent iona l  
conduction can occur in leaky 
buffer layers or moderately 
insulating substrates (e.g. Si). 
Genera l  
Modulation-doped HFET or 
MODFET devices require a 
layer sequence of differently 
doped regions. They are pro- 
totypes of so-called multi-layer 
conducting samples in which a 
parallel conduction of layers 
with different mobilities oc- 
Figure I. Schematics of the different 
functional blocks of the novel variable- 
field-Hall technique. The number of 
conducting layers with their mobility and 
carrier density values directly appear in 
the MSA spectra. Reliable analys& is 
indicated by the agreement of the results 
from the two complementary procedures 
of MSA and MLF. 
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curs. The material characterization 
and optimization of transport proper- 
ties are routinely performed by Hall 
effect measurements. However, this 
technique does not allow carrier 
densities (NO and carrier mobilities 
(Np,) to be determined in a selective 
way because the bypass conduction 
gives misleading or even meaningless 
results. On the other hand, the Hall 
effect echnique is easy to handle and 
therefore predominated for analysis 
in device research and development. 
To get more precise information 
about the transport properties in the 
different layers a step-wise tching of 
samples combined with Hall effect 
measurements can be performed to 
get Ns and ~t values of the removed 
material from differential calculus. 
However, this procedure is time 
consuming and normally fails on 
most HFET samples because of the 
thin layered structure. Furthermore, 
the method is destructive and etching 
chemicals are necessary. 
The more sophisticated Shubnikov- 
de Haas (SdH) technique allows a 
precise and selective determination f 
the 2DEG (2DHG) carrier density of 
highly mobile samples. But the ap- 
pearance of SdH oscillations are 
normally limited to temperatures 
below 50K and require very high 
magnetic fields. In that way a specia- 
lized and expensive super-conducting 
magnet equipment is necessary rather 
than an easy-to-handle low-cost char- 
acterization tool. 
We report about a novel variable- 
field Hall technique (B-Hall) which 
allows a selective and quantitative 
determination f transport properties 
(Ns, ~t) of a number of parallel 
conducting layers (M) with different 
mobilities. The new characterization 
tool gives reliable results of 2DEG 
and 2DHG transport properties in 
HFET layered structures in which 
simultaneous bypass conduction of 
electron layers, hole layers or both 
of them occur. The method operates 
excellently over a wide temperature 
range between 4K and 300K. This is 
demonstrated on various GaAs/Al- 
GaAs, InGaAs/AlGaAs, GaInAs/ 
AlInAs, Si/SiGe, and Ge/SiGe hetero- 
structures. Magnetic field dependent 
resistivity and Hall effect measure- 
ments are performed in the classical 
low field limit (< 1T). 
A combination of a mobility spec- 
trum analysis (MSA) and a following 
Figure 2. Multi-Layer Transport Analysis "HL5600S" software package running on a PC under MS 
Windows [5]. The screen displays calculated MSA and MLF  results together with the measured ata 
(points). Help menus and demo files are included. The program is fully mouse and keyboard controlled. 
multi-layer non-linear least-squares fit 
(MLF) is performed using a powerful 
numerical algorithm running on a 
standard PC under MS Windows. 
The number of conducting layers 
and their carrier densities and mobi- 
lities directly appear in the spectra. 
2DEG and 2DHG carrier density 
values are also determined by SdH 
measurements on the same samples at 
low temperatures. SdH results agree 
excellently with B-Hall data. 
Measurement 
The GaAs and InP based samples 
investigated are fabricated by photo- 
lithographically defined van der Pauw 
structures (square, Greek cross) and 
Hall bar configurations with standard 
alloyed AuGeNi contacts. Si based 
samples are fabricated by ultrasonic 
preparation of cloverleaf structures 
with contacts made by alloying Au/Sb 
dots at each corner. These structures 
allow experimental errors due to 
contact resistances and lateral varia- 
tions in contact geometry to be 
minimized [1]. The chips are 
mounted in a non-magnetic dual-in- 
line (DIL) housing and are bonded by 
aluminum wires. 
The magneto-transport data are 
recorded using a standard Hall equip- 
ment consisting of a PC controlled 
electromagnet, current source, and 
voltmeter. The resistivity (Pxx) and 
the Hall coefficient (RH) of the 
,: 
samples are measured at typically l0 
to 15 different magnetic field values 
(B) between 0.05T and lT. The 
magnetic field is controlled on-line 
by a gaussmeter. Magnetic fields and 
applied currents are automatically 
reversed to eliminate voltage offsets 
and spurious voltages. In this way the 
experimental errors of P×x, RH, and B 
are less than 10-4.The used routine 
Hall transport characterization sta- 
tion is controlled by a PC running 
under MS Windows. The numerical 
transport analysis is also implemented 
on this station. The equipment allows 
a fully automatic haracterization f 
several multi-layer conducting sam- 
ples in parallel over a temperature 
range between 20K and 330K. 
Theoretical 
Background 
The numerical algorithm we use to 
analyze the measured ata consists of 
two main parts which are comple- 
mentary techniques: 
1. Mobility spectrum analysis (MSA) 
2. Multi layer fit (MLF). 
The block diagram in Figure l 
shows the procedure to analyze the 
experimental data. Based on the 
measured Pxx(B) and RH(B) = 
Pxy(B)/B data the Crxx(B) and Oxy(B) 
conductivity components are calcu- 
lated by tensor inversion following 
text book formulae. The conductivity 
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is then described as a continuous 
function of mobility S(l~), by an 
integral transformation from B-space 
into I~-space (MSA) following the 
pioneering work of W.A. Beck and 
J.R. Anderson [2]. They have shown 
that a magnetic-field-independent 
function s(~t) specifies the conductiv- 
ity of mobile carriers as a continuous 
function of mobility and that accom- 
modates the effects of multiple non- 
parabolic bands or energy-dependent 
relaxation times in a physically in- 
tuitive manner. Although S(la) is not 
unambiguously defined by a variable 
field measurement, the envelope func- 
tion S(~t) over all S(la) is uniquely 
defined. Hence the carrier densities of 
individual conducting layers are ob- 
tained by 
N,(~t) = S(~t)e~t. 
The resolution of MSA depends on 
experimental errors of measured data. 
They influence the width of the 
calculated peaks of S(~t). From the 
measured ata set which is recorded 
at typically 10 to 15 different mag- 
netic fields over a range of 1T (in 
many cases of III/V-related HFET 
samples 0.5T is sufficient) we use only 
a set of K = (M+I)  Pxx(B) and 
RH(B) values where M is the number 
of conducting layers in the investi- 
gated sample [3], for example, 4 data 
points in a 3-layer conducting sample. 
From MSA procedure the number 
of conducting layers is obtained 
including their calculated N~ and la 
values. In the following procedure 
these numbers are used as starting 
values for a multi-layer non-linear 
least squares fit (MLF) procedure 
using the formulae in Figure 1. The 
calculated values (carrier densities nk, 
mobilities ~tk, k = 1 to M) are fitted to 
the measured ependence of Pxx(B) 
and RH(B) over the whole magnetic 
field range. This is achieved by a 
minimization of a merit function 
(chi 2) which is solved iteratively using 
a modified algorithm for least- 
squares estimation of non-linear 
parameters [4]. 
Coincidence of the results from the 
two complimentary techniques MSA 
and MLF is generally good evidence 
for high reliability of the multi-layer 
transport analysis. Random errors of 
measured ata are explicitly consid- 
ered in the MLF procedure. Random 
errors yield to wider peaks in SGt) but 
do not generally cause false peaks to 
appear. 
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Figure 3. Temperature dependent variable-field Hall analysis of a single-side doped 2DEG GaAs/ 
AlGaAs HEMT device sample with highly doped supply and cap layers. 
Pract i ca l  Use  
The variable-field-Hall software 
package "HL5600S" [5], available 
through BIO-RAD Microsience, is 
used for multi-layer transport analy- 
sis of measured data. The source code 
is written using Borland Pascal 7.0 
running under MS Windows on 
standard personal computers of ser- 
ies 80 386, 80486, and Pentium. The 
numerical algorithm is optimized in 
direction of calculation time. Typical 
running times are a few seconds for 
MSA and MLF analysis of a 2-layer 
sample. The program's desktop screen 
is shown in Figure 2. 
The measured field dependent re- 
sistivity and Hall coefficient data are 
shown by dots on the right hand 
diagrams. The data are obtained from 
a modulation doped GalnAs/AllnAs 
HFET sample grown on an InP 
substrate. The calculated MSA 
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curves are shown on the left hand 
diagrams of the HL5600S screen. 
From the maxima of the different 
peaks the number of conducting 
layers is deduced with their carrier 
densities and mobilities (see conduc- 
tivity S(I,t) vs. mobility ~t diagram 
(upper left), carrier sheet density N, 
vs. mobility la diagram (lower left), 
and list of values on the upper left 
part of the screen). 
The results of the MLF analysis are 
shown on the right hand side dia- 
grams of the HL5600S screen. To 
avoid convergence problems of the 
MLF procedure the MSA results 
(number of layers, density and mobi- 
lity values) are used as starting values 
for the non-linear least-squares fit. 
The resultant MLF mobility and 
carrier density values of each con- 
ducting layer are shown in the upper 
right part of the screen. The calcu- 
lated field dependence of resistivity 
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Figure 4." Carrier densities of a novel SiGe/Si MODFET layer sequence as a function of temperature. Variable-field Hall analysis yields quantitative 
information about simultaneous conduction of 2DEG in the Q 14 / region and holes in the Si substrate. 
and Hall coefficient is shown by red 
lines together with the measured ata 
points. 
The agreement of MSA and MLF 
results with measured ata yields an 
outstanding reliability of the analysis 
with high resolution. It is essential to 
explicitly consider the experimental 
uncertainties of measured ata and 
applied magnetic fields in the numer- 
ical analysis. These random errors are 
defined via menu and are considered 
in the MLF calculations. 
The different functions of the 
HL5600S analysis oftware are acti- 
vated by simply pointing and clicking 
with the mouse to one of the instruc- 
tions on the command bar or via 
keyboard as shown in Figure 2. 
Measured input data files and calcu- 
lated HL5600S files are of ASCII or 
binary format. A one-page printout of 
the HL5600S analysis results (appli- 
cation window of Figure 2) is gener- 
ated by a print instruction. Helpful 
information and detailed explanation 
of all menus, commands and settings 
are given by on-line help functions 
and demo files. 
Examples  
Figure 3 shows the results of a 
variable-field-Hall analysis of a 
GaAs/A1GaAs HFET sample with 
two different electron conducting 
layers. The measured van der Pauw 
resistivity and Hall coefficient data 
were recorded at different empera- 
tures between 30K and 310K. The 
results of the MSA numerical analysis 
are shown in the lower part of 
Figure 3. Sharp and clearly spaced 
mobility peaks appear in the spectra 
originating from a highly mobile 
2DEG at the GaAs/A1GaAs hetero- 
interface and a low mobile peak 
originating from carriers in the 
AIGaAs supply layer and the highly 
doped GaAs cap layers. The 2DEG 
mobility sensitively depends on tem- 
perature in contrast to the rather 
constant 2DEG carrier density. Even 
for temperatures above 300K the 
2DEG peak is clearly observed 
although the bypass carrier density is 
a factor of 30 higher than the 2DEG 
value. 
The calculated magnetic field de- 
pendence of Pxx and RH from MLF 
procedure (solid lines in the upper 
graphs) agrees excellently with the 
measured ata (open and filled sym- 
bols) over the whole temperature 
range. This is evidence of reliable 
results. 
A further example of a variable- 
field-Hall analysis of a novel pseudo- 
morphic Si/SiGe MODFET layered 
sample on a Si substrate is shown in 
Figure 4. The sample consists of two 
conducting layers: A highly mobile 
2DEG in a Si QW region and low- 
mobile carriers in the Si substrate 
which has a small hole background 
conduction. At lower temperature a 
carrier freezeout of intrinsic holes is 
observed. The 2DEG mobility signifi- 
cantly increases with lower tempera- 
ture as expected from reduced 
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phonon scattering effects. No con- 
duction through the supply/cap layers 
is observed because of the surface 
depleted layer configuration in the 
investigated sample. 
Figure 5 shows an example of a 
GalnAs/AllnAs HFET sample grown 
on an InP substrate. The samples 
MSA electron density as a function 
of mobility is plotted for 77K (blue 
colour) and 300K (red colour). From 
the characteristic temperature depen- 
dent mobility behaviour of bulk 
crystals and the 2DEG layers it is 
straightforward to assign the various 
signals to different layers in the 
epitaxial material. The analysis 
clearly identifies leaky conduction in 
the epitaxial buffer layer giving rise to 
pinch-off problems in the transistor 
device. 
The spectrum in Figure 5 also 
demonstrates the high resolution of 
the mobility spectrum analysis even at 
room temperature and in the presence 
of three conducting layers within a 
mobility range of only 10 000 cm2/Vs. 
Unlike previous methods, the mobi- 
lity spectrum analysis (MSA) requires 
no a-priori assumptions about the 
number of conducting layers with 
different mobilities involved. The 
data required for analysis can be 
recorded by standard Hall effect 
measurements at field values com- 
monly available in non-super-con- 
ducting electro-magnets. 
The reliability and resolution of the 
variable-field-Hall technique (B-Hall) 
was also investigated experimentally 
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Figure 5: Variable-field Hall analysis of a GalnAs/AllnAs HFET with three conducting layers on a lnP-substrate at room temperature and liquid nitrogen 
temperature (left diagram). Comparison of low-temperature characterized 2DEG and 2DHG samples by variable-field Hall technique and SdH 
measurements (right diagram). 
on highly doped HFET samples 
which are etched stepwise to reduce 
continuously the bypass conduction 
in the cap and supply layer region. 
The reliability is demonstrated by 
etch-depth-independent 2DEG N~ 
and la values [4]. The 2DEG density 
agrees excellently with the low-tem- 
perature SdH 2DEG Ns value. 
The room temperature applicability 
of the new technique for a selective 
determination of transport properties 
in multi-layer conducting samples has 
recently been demonstrated on a 
series of different lattice-matched 
and pseudomorphic HFET and 
MODFET layered materials on 
GaAs-, InP- and Si-substrates [3]. 
The samples have also been investi- 
gated by SdH experiments. In Figure 
5 low-temperature Ns values from 
B-Hall analysis are plotted vs. SdH 
results of the same samples. Filled 
symbols are from 2DEG samples. 
Open symbols are from 2DHG sam- 
pies. The overall agreement is excel- 
lent. The blue data point is from the 
InP-based sample of Figure 5 (left 
hand side diagram, T = 77K). 
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